A supervisory control for a hydraulic transformer is developed. The hydraulic transformer being controlled is configured in a traditional manner where a pair of hydraulic pump/motors are mechanically coupled together. This transformer can be configured in three distinct modes depending on how each port is connected. A supervisory control determines, for the desired output pressure and output flow, the mode and shaft speed that the transformer should operate in order to minimize the power loss. The resulting controller structure ensures that the transformer provides the desired flow while following the desired mode and shaft speed. The supervisory control is further modified to avoid high frequency switching and to achieve bumpless transfer between modes. Experimental results demonstrate the efficacy of the supervisory controller to increase the efficiency of the hydraulic transformer driven system.
Introduction
A hydraulic transformer is a device that transforms a pair of pressure and flow to another pair of pressure and flow in an energy conservative manner. It is a key component in realizing a common pressure rail (CPR) system where a common input pressure source is used to power multiple actuators. Compared to valve based control, hydraulic transformers do not rely on throttling to change pressure, and pressure can be boosted as well as bucked. Moreover, power can flow in both directions to allow energy regeneration. Thus they have significant potential to improve hydraulic system efficiencies.
In the last decade, hydraulic transformers with a rotatable three-ported port plate, advanced by INNAS, has been a popular research topic [1] . However, a hydraulic transformer can also be configured simply as a combination of a pair of hydraulic pump/motors connected mechanically on a common shaft. This is referred to as a pump-motor or PM transformer. In a PM transformer, the pressure or flow transformation ratio is deteremined by the relative displacements of the pump and the motor. If axial piston pump/motors are used, the swash plate angles of the units are used as command inputs to determine the pressure (or flow) transformation ratio.
PM transformers can be configured in three distinct configurations (named PM-1, PM-2, or PM-3) by the various ways of connecting the ports of the pump/motors to the supply pressure line, the load, and the return line as seen in Fig. 1 . If the port connections are reconfigurable, a switched mode hydraulic transformer is obtained. A switched mode transformer has advantages of compactness, higher efficiency, and larger operating region over fixed mode transformers because one is able to choose the best configuration for the situation at hand. A switched mode transformer can be achieved with two directional valves placed strategically around the transformer as shown in Fig. 2 without having to re-connect the ports externally.
In our previous works, we have designed controllers for each fixed PM configuration and demonstrated experimentally that the control performance with transformers is similar to utilizing throttling valves for actuator trajectory tracking [2] and for a human force/power amplifying application [3] - [4] . In these works, the transformer controller was designed to provide the desired flow to the actuator and to regulate the transformer shaft speed at an arbitrary value. This extra degree of freedom of choosing the transformer shaft speed is available because the displacements of both pump/motors are variable. It was intended to optimize the transformer operation such that the efficiency benefit of using hydraulic transformer can be maximized. However, limitation with the experimental setup prevented us from operating a hydraulic transformer at operating conditions that would appropriately demonstrate the efficiency of using transformers. In order to address this challenge, a Hardware-In-the-Loop (HIL) testbed was developed [5] , such that any desired operating conditions can be utilized without having to obtain physical hardware necessary to generate those conditions. This testbed is capable of emulating both resistive and overrunning loads, and of switching among different modes.
In these previous works, the transformer operation was only demonstrated at arbitrarily specified desired shaft speed and fixed configuration mode. In this paper, we present the supervisory control, shown in Fig. 3 , for the transformer to determine the optimal operating shaft speed (ω d ) and configuration mode to maximize the efficiency of transformer driven system. In order to implement the mode-switch, additional methods are needed to avoid high frequency switching and to achieve bumpless transfer between modes.
The rest of the paper is organized as follows. Section 2 presents the system model for the cylinder and hydraulic transformer being utilized. The overall control strategy is presented in Section 3 that begins with a review of the trajectory tracking controller given in section 3.1. Sec. 3.2 and Sec. 3.3 present the supervisory controller for determining the optimal transformer shaft speed, and the optimal transformer configuration mode respectively. Experimental results are presented in Sec. 4, and concluding remarks are given in Sec. 5.
System Description and Dynamics
The inertia dynamics of the hydraulic cylinder considered in Fig. 2 are:
where m is the mass of the cylinder rod and load, x is the vertical position of the cylinder load mass, A 1 and A 2 are respectively the cap side and rod side areas of the hydraulic actuator, b is the viscous friction coefficient, and F L (t) is a load force that encapsulates any external load including gravity, environment forces, and un-modeled dynamics. The dynamics of the cap-side pressure P 1 are given by the compressibility of the fluid in the cylinder and hose:
where Q B is the flow rate into the cap side chamber to be provided by the transformer, V 10 is the volume in the cap side chamber and hose when the actuator is at the position x = 0, and β (P 1 ) is the pressure dependent bulk modulus. The rod side is connected to the lower common pressure rail so, P 2 = P T , which is assumed to be constant. The hydraulic transformer being studied in this paper is a pump/motor type (PM transformer) configured with 3.15 cc/rev variable displacement micro-axial piston pump/motors from Takako. As mentioned in the introduction, three distinct configurations (PM-1, PM-2, PM-3) can be obtained by connecting the ports of a PM transformer differently (Fig. 1) .
For each of the configuration, the transformer shaft speed ω acting with a rotational inertia J to produce port flows out of transformer at input port Q A and output port Q B are given by the following sets of equations: 
PM-2:
PM-3:
where D 1 and D 2 are the maximum volumetric displacements of the pump/motor units in m 3 /rev, u 1 and u 2 ∈ [−1, 1] are the control inputs which are the normalized displacements, b t is the damping coefficient, Q leak , Q leak and T loss are the lumped volumetric losses at the A and B ports and the mechanical loss inside the transformer due to friction. These losses are configuration, pressure and shaft speed dependent. The experimental efficiency contours obtained from the prototype with P A = 6.9 MPa (≈ 1000 psi) is shown in Fig. 4 . Each configuration has unique operating characteristics with different operating region for the peak efficiency, and the ability to switch among them can deliver more efficient operation. The switched mode hydraulic transformer connected to a hydraulic cylinder as in Fig. 2 is considered in this paper.
Control Strategy
Control schematic for a hydraulic transformer connected to a cylinder actuator for a trajectory tracking controller is shown in Fig. 3 . For a given trajectory, cylinder flow control determines the desired pressure and flow. In the following, the transformer controller determines the needed command input u 1 and u 2 to deliver this flow while tracking a desired shaft speed ω d for a given mode. A supervisory control is added to systematically determine the desired shaft speed ω d and operating mode.
Trajectory Tracking Controller 3.1.1 Flow Command
The trajectory tracking controller presented in [2] is summarized here. For a full proof and detailed derivations steps, refer to [2] . For an actual and desired cylinder position x and x d , let e := x − x d be the tracking error and define the reference velocity, and the reference velocity error as
where λ p > 0. Design the desired pressure to be:
where K p > 0 and K v1 > 0 are tunable control gains.
The following flow command is designed:
where V 1 (x) = V 10 + A 1 x is the chamber volume of the hydraulic cylinder,P = P − P d and P d1 is a feedforward only portion of P d (see [2] for details). With λ 3 > 0 sufficiently large, (e, e v ,P) converge to (0, 0, 0) exponentially.
Transformer Control
The speed dynamics of the three transformer configurations can be written as:
where
is the total torque acting on the transformer by the pump/motor units. Given the reference shaft speed for transformer ω d (t), an appropriate U total is needed to drive the transformer speed ω to the desired speed. Here we design U total using a simple PI control with feedforward compensation:
Displacement Input Distribution
With flow requirement and torque requirement obtained, we determine u 1 and u 2 to work simultaneously to provide the desired torque in Eq. (12) and the desired flow Q B in Eq. (9).
For each transformer configuration, u 1 and u 2 could be solved simultaneously using the flow equations in Eqs. (3)- (5) and Eq. (11) as follow: PM-1:
Optimal Shaft Speed
Here we determine the optimal ω d that is provided to the controller in Eq. (12). For the transformer models in Eqs (3)- (5), an optimization can be performed a priori to obtain the optimal shaft speed map for the range of pressure and flow combinations. The process is to find the quasi-static shaft speed that will minimize the power loss of the transformer while meeting the pressure and flow demand at the steady-state, and not have any of the displacement commands exceed the physical limitation of the swashplate actuation to meet the demand. This optimization can be summarized as follow:
For a given transformer configuration mode,
where ω > 0 is the lower limit on the ω d to be designed to prevent transformer spinning at too slow speed at which stalling may occur due to stiction. Transformer power loss is the difference between the input power and output power.
The resulting optimal shaft speed and power loss maps for each operating mode are shown in Fig. 5 for a transformer supply pressure of 6.9 MPa (≈ 1000 psi). The gaps in the contour plots are attributed to the fact that the given transformer mode cannot operate in that region to meet the constrains in Eq. (16). Since the prototype transformer is mechanically inefficient, the expected losses correlate closely with the desired shaft speed. For PM-1, the vertical trend in the desired speed at positive flow for at During an actual transformer operation, the desired flow and pressure condition as determined by the controller will be fed into these contours to determine the most efficient shaft speed to be used for the transformer operation.
Optimal Configuration Mode
Utilizing the results visualized in Fig. 5 that shows the optimal operating speed and expected power loss for each configuration mode, the supervisory control algorithm can be expanded one step further to determine the most optimal mode for the given set of pressure and flow. Eq. (16) is updated such that the optimization is now with respect to both the shaft speed ω and the configuration mode. 
In order to obtain the optimal mode, we utilize the result from the previous section where the best shaft speed and expected power loss across the transformer for the given set of desired flow and pressure condition were found. Comparing the expected power loss L 1 , L 2 , L 3 from three configurations as shown on the right side of Fig. 5 , the optimal mode will have the least amount of expected power loss in the transformer.
The supervisory control in turn is updated to produce not only the optimal shaft speed for a given operating configuration mode but also the optimal operating mode as well. Figure 6 shows the contour of the operating modes for any set of desired flow and pressure at the actuator attached to the transformer. PM-3 is the best mode for an operating region with high flow and high pressure, PM-2 is the best mode for high flow but with low pressure, and the PM-1 fills the rest of the region. 
Penalty in Switching
To avoid high frequency switching command that is beyond the physical capabilities of the solenoid valves and of the swashplate actuation, a penalty is given to the mode switch by assigning a cost of switching to the loss map that the supervisory control uses to determine the optimal mode. A time-based penalty is added such that the cost of switching is severe if not enough time has elapsed since the the last mode switch event. The penalty decreases as more time has elapsed since the last mode switch. The magnitude of the penalty is set to scale with respect to the desired output power. One such cost function is given as:
where M is the magnitude of the penalty to be given with respect to the desired output power. p is the scaling factor in determining how fast the time-dependent penalty will decay, and t p is the time elapsed since the last mode switch event.
This penalty is added to the losses for modes that are not currently in operation, in the following manner:
The mode selection algorithm is then updated to compare the losses with the appropriate penalty applied to modes not currently being operated
Bumpless Transfer
Another consideration that should be given in implementing the mode switch is the 'bump' in the system after the configuration changes. Take PM-1 and PM-3 for instance, whose torque dynamics given by Eq (3) and (5) are re-printed here for reading convenience:
Focusing on the D 2 unit, it is apparent that with the pressure condition P A > P T , switching from PM-1 to PM-3 will cause a sudden increase in torque balance, causing the transformer shaft to spike up if the controller is not acting quickly to compensate for it. An algorithm is implemented such that the controller switches ahead of the transformer switch to minimum the error due to the discrete pressure change. Details of the bumpless transfer algorithm is given in [6] .
Experimental Results

Energy Savings with Supervisory Controller
Experiments were performed using the prototype switched mode hydraulic transformer operating on the Hardware-in-theLoop testbed [5] . Figure 7 shows a sample trajectory tracking result for a cylinder with an attached mass load. The supervisory control automatically determines, in real time, the optimal shaft speed and mode. It can be seen that as the cylinder tracks the desired trajectory, the shaft speed is also varied and tracking its target, and the operating mode is switched at the same time. Table 3.2 summarizes the efficiency result for the same trajectory if the supervisory control is turned off such that it only operates in constant shaft speed in a single mode (PM-1). By incorporating the optimized shaft speed and optimal operating mode, the efficiency is improved by almost twice. Component efficiency is reported as the ratio between the hydraulic power that enters the transformer and the power that exits the transformer. The net consumed energy is the integrated sum of the power at the transformer port A. It is observed that the net energy consumption is reduced by more than half. With the ability to boost pressure as well as reduce pressure, hydraulic transformer is able to recover energy from overrunning loads to reduce the net energy consumption. The reduction in energy consumption is possible since the supervisory control ensures that minimal energy is consumed for the resistive loads and maximal energy is recovered from the overrunning loads. Figure 8 shows a case where the switching penalty is necessary. In this operating scenario, a sinusoidal flow demand with an amplitude of 55 cc/s was directly provided to the transformer, with the constant pressure condition of 5.5 MPa (800 psi) to explore whether transformer can track an arbitrary flow demand at constant pressure. Switching penalty is not utilized. Observe that the operating mode switches from PM-2 to PM-1 without any trouble around t = 99 sec. However, when it starts to switch into PM-3 around t = 103 sec, the desired configuration rapidly switches back and forth between PM-1 and PM-3, well beyond the bandwidth of stepper motors that actuate the swashplates in this prototype transformer. Both stepper motors failed as noted by the displacement commands saturation around t = 105 sec. This experiment ended with failure in tracking the desired condition. where rapid switching between PM-1 and PM-3 started to happen. The top plot shows the expected loss for the desired flow and pressure condition, and the bottom plot shows the resulting operating mode. PM-2 cannot operate in this pressure range, and thus the loss map only shows the expected loss for PM-1 and PM-3. The difference in the expected loss between the two available modes is rather subtle, and it can be seen that two available lines cross each other many times. Since the supervisory control is designed to simply pick the mode with the least expected loss, each instance of two curves crossing each other results in a command to switch the mode. In the time window being considered in Fig. 9 , controller is asking the transformer to switch the mode 9 times in just 1 seconds. Figure 10 shows the same trajectory as in Fig. 8 , where 55 cc/s sinusoidal flow is demanded with a constant pressure load of 5.5 MPa (800 psi). Switching penalty is utilized. An empirically determined values M = 0.5P d Q d B , p = 0.25 were used for the penalty function. Around t = 44, the transformer now successfully switches to PM-3 and stays in that mode rather than rapidly going back and forth between PM-1 and PM-3. Figure 11 shows the loss map that the supervisory control referenced for this drive cycle. It can be seen that with the penalty applied, the supervisory control does not consider PM-1 to be more efficient than PM-3 to trigger a configuration switch. The resulting effect of applying the penalty to other configurations is adding a hysteresis in determining the mode switch. Figure 12 shows the tracking result for a varying desired flow demand which results in varying ω d . The first plot shows the shaft speed tracking result when there is no delay added between the mode switch and controller switch. The following plot shows the same result with a delay introduced that delays the mode switch by 50 ms. The RMS of transformer shaft speed error reduces from 55.88 rad/s to 23.66 rad/s.
Switching Penalty
Bumpless Transfer
Conclusion
A supervisory controller to further improve the transformer system efficiency was developed. The first step involves regulating the transformer to operate at its optimal shaft speed for a given configuration. The next step explores an automatic selection of transformer configuration such that transformer will be switched to its most optimal configuration mode. Details to ensure the smooth operations with the mode switch were discussed. For the trajectory considered, the net energy consumption was reduced by half while the transformer efficiency improved almost twice by utilizing the supervisory controller.
